The life cycles of two plant species in the Mediterranean chaparral, the evergreen Arbutus andrachne and the deciduous Rhamnus lycioides, were studied, as were the cycles of two stenophagous whitefly species that live on them, Trialeurodes lauri and Dialeurolobus rhamni, respectively. Trialeurodes lauri is univoltine, diapausing from June to March corresponding to the plant's leaf dormancy. The diapause is related to the plant's leaf dormancy, and removal of branches infested with diapausing whiteflies between July and February causes a break in the diapause. Dialeurolobus rhamni has two generations a year. Eggs are laid in March with adults resulting in May and June. These lay again and their immatures overwinter till the next spring. By examining the leaves on the plants and those shed to the ground, it was shown that the overwintering mode of D. rhamni on the deciduous R. lycioides is mainly achieved by remaining on non-shed leaves until the next springtime. This is enabled through the delay of leaf shed and adherence of infested leaves to the plant significantly longer than uninfested leaves. In addition, some adults will emerge from infested leaves shed to the ground, with their diapause apparently independent of the status of the leaf they are on. Thus, although the two systems reflect plant-insect adaptations to the Mediterranean conditions, they differ markedly in the details of the interaction, each reflecting both the cycle of the plant and the adaptations of the insect.
INTRODUCTION
Plant-insect relationships are frequently intricate and involve mutual responses. The affliction of damage upon the plants through insect feeding is often accompanied both by plant strategies to avoid or minimize the damage and by specific insect responses to overcome these strategies (Schoonhooven et al., 1998) . In addition, the plants, as food providers for the insects, also have profound effects on the latter's development and success; and indeed, the developmental and physiological states of the plant are known to greatly influence the insect's development (Baehrmann, 1979; Bernays and Chapman, 1994; Schoonhooven et al., 1998) .
The phloem-feeding Homoptera, having no need to chew upon plant tissue, are therefore less exposed to many of the plant's defense mechanisms. However, the plant's nutritional, and probably also hormonal, conditions are important determinants in the insects' development. Van Lenteren and Noldus (1990) , for example, have reported marked differences in the development of both the greenhouse whitefly Trialeurodes vaporariorum (Westwood) and the tobacco whitefly Bemisia tabaci (Gennadius) feeding on different plant species. The influence of the host tree, Acer platanoides, on the development of dormancy in its specific whitefly Aleurochiton aceris (Modeer) (as A. complatanus) , has also been recorded (Baehrmann, 1979) .
The climate in the Mediterranean chaparral of Israel is typified by dry, hot summers and wet, cold winters (temperature in winter ranging ~2-22 °C and in summer ~15-30 ºC). The chaparral features a variety of trees and shrubs, all of which are adapted to its climatic regime and exploit the rainfall between November and March in order to grow and survive throughout the year (Waisel, 1984) . They mainly foliate and bloom in the spring, when temperatures rise following the wet and cool winters. Foliation ceases in the early summer and is usually renewed only in the following spring. Since the Mediterranean winters are not severe, there exist both evergreen plants shedding last year's leaves in the late spring or early summer, and deciduous plants shedding all or most of their leaves during the winter. Whitefly species that develop under these conditions must adapt to the annual cycle of their host plants. They must overcome the lack of actively developing, and therefore nutritious, leaves during ca. eight months of the year starting in June and ending in February and/or the lack of leaves on the plants during the winter from November till March. These problems can be overcome in polyphagous species by moving from one plant species to the other, while the more stenophagous species must either adapt to the plant's foliation cycle or manipulate the host plant to produce a more favorable habitat for the whitefly nymphs.
Our studies set out to determine the plant-insect relationships for two whitefly species inhabiting local trees: the stenophagous Trialeurodes lauri Signoret on Arbutus andrachne, and the monophagous Dialeurolobus rhamni Bink-Moenen on Rhamnus lycioides. The former plant occurs on Cretaceous soils throughout the higher elevations (ca. 500 m and above) in the Mediterranean climate zone of Israel. It often forms large stands of trees, easily distinguishable by their red bark. It foliates in the spring (mostly March-May) and then (MayJune) sheds the leaves of the previous year, retaining the recently formed foliage until the following year. The univoltine, oligophagous whitefly T. lauri emerge, land en masse and settle during April and May on the young foliage (Erel, 2004; Gelman et al., 2005; Gerling et al., 2010) . Infestation by T. lauri is sporadic, ranging from very sparse to heavy whitefly concentrations per tree [an average of 269 nymphs/leaf, n = 319 leaves (Gerling et al., 2009)] . In this study we examined the plant-whitefly interactions that relate to its univoltine life cycle.
Rhamnus lycioides is a deciduous tree or shrub that reaches 1-3 m in height. It is of East Mediterranean distribution (Feinbrun-Dothan, 1978) and occurs in Israel at elevations above ca. 300 meters from the southern region of the Judean foothills to the Lebanese border. Leaf shed is not uniform, with some plants completely bare, and others retaining some leaves, during the winter. The whitefly D. rhamni has not previously been studied. It is common and occurs as a single, or occasionally a few, nymphs/leaf. In this study we attempted to determine the whitefly's life cycle and, given the deciduous nature of its host plant, to explore how it overwinters.
MATERIALS AND METHODS

Arbutus andrachne
Life cycle studies: Field observations
Monthly field observations were carried out on 22 marked A. andrachne trees in the Nahal Ktalav nature park (coordinates: 31º44¢06″ N; 35°04¢18″ E), from March 2002 to January 2004. During each visit, leaves bearing whichever whitefly stage existed at the time were collected with their branches and taken to the lab. Visit frequency increased to ca. once every 10 days during the emergence and oviposition period (March-June).
Tree-whitefly association: Phenology of the trees and whiteflies
Tree phenology was periodically monitored on 22 trees. The stages of bud development were ranked on a qualitative scale of 0-5, with 0 representing no budding, 5 indicating that all leaves were open, and numbers 1-4 expressing the increasing proportion of leaves that had already expanded to young leaves at the apex.
Adult whitefly presence was registered using two methods: (i) Estimation of the adult whitefly numbers during two-minute observations on each tree. These were later ranked as: 1 = 0-10; 2 = 11-50; 3 = 51-500; 4 = 501-1000; 5 = >1000. (ii) Counting of adults caught on nine yellow sticky traps (16 ´ 20 cm) hung on infested trees. The traps were collected at each visit (ca. five times/month) and examined in the lab.
Effect of tree dormancy
A qualitative estimate of tree-whitefly relationships was carried out by observing infested branches (ca. 70 cm long) in the field and in the laboratory. For the latter, branches were collected monthly from October 2004 to November 2005 and placed in water in the field.
At the university, they were divided into batches under three sets of conditions: (a) outdoors near the lab; (b) in the unheated lab room at fluctuating temperatures, with coldest night temperature ca. 10 ºC, day temperature ca. 15-20 ºC during November-March; and approximately 15-25 ºC during the rest of the year; and (c) in a temperature cabinet at a constant temperature of 28 +2 ºC and a light regime of 14/10 L/D). The branches were kept in water in sleeve cages for about one month, until the leaves dried up, while emergence of adult whiteflies from them was followed.
Rhamnus lycioides
Life cycle studies: Field observations
Observations were conducted at three locations, all in the Judean foothills, in which R. lycioides is found among planted pine forests: Gizu, Kfar Uria, and Eshtaol (Coordinates 31º48¢36″ N 34º55¢55″ E, 31º47¢58¢¢ N 34º 57¢ 05″ E, and 31º46¢52″ N 35º00¢17″ E, respectively). Collections of infested leaves were conducted approximately every 40 days. The leaves were taken to the lab and the whiteflies sorted according to their developmental stage and their life cycle status-alive, dead, hatched-and to signs of predation or parasitism. Once emergence had started, in the spring and early summer, collecting frequency increased in order to follow closely the details of the emergence and oviposition cycles.
Plant-whitefly interactions
Following field observations that R. lycioides plants shed their leaves to different degrees, we asked the following questions: Is the degree of leaf shed characteristic to a particular plant and, if so, do the whiteflies preferentially infest those trees which retain more leaves during the winter? Does the presence of whiteflies influence leaf shed? And finally, can whiteflies overwinter on shed leaves?
Leaf shedding consistency, i.e., the degree of leaf shed during the winter and its consistency over two consecutive years, was examined as follows. In the spring of 2008, trees could clearly be divided into those that still bore last year's leaves and those that had lost most of them. In addition, a mixed population of ca. 20 plants was noted and marked.
In order to obtain a precise measurement, five trees featuring early leaf loss (= EL) and five retaining much of the leaf coverage till the spring (= L) were selected during the fall of 2008. On each, the number of leaves on each of 300 branchlets (1-3 cm long) was counted in February 2009. The differences in leaf retention between L and EL trees were compared using a Mann Whitney U test.
Preferential infestation of the tree kind (L vs. EL) was examined by observing 600-1000 leaves on each of five plants of each kind, noting the proportion of whitefly infestation on each. The results were compared using a χ 2 test, assuming no difference. Whitefly influence upon the leaves was examined on the L plants only, in two ways:
1. Counting infested vs. healthy leaves upon the plants in October, at the beginning of leaf shed, and in February, when the new foliage was established. This was conducted at the Gizu site in October 2008 and consisted of marking ca. 20 branches on each of 10 trees. On each branch, the number of infested and uninfested leaves present was registered. The count was repeated on the same branches in March 2009, after which the proportion of shed infested vs. uninfested leaves was calculated and compared (paired t-test for independent samples).
2. Counting and sorting the leaves shed to the ground at the Eshtaol site. Large cloth tarps were spread out beneath each of nine plants in the fall. The shed leaves were collected six times (1 October, 18 November, 11 December, 30 December, 24 January and 10 March) and a subsample of 121-1000 leaves was taken each time and examined for the proportion of infested vs. uninfested leaves. The former were sorted to emerged, parasitized, and unemerged healthy vs. dead nymphs. Healthy unemerged nymphs were placed in a gelatin capsule while still on the leaf, and observed for adult whitefly or parasitoid emergence. This latter action served to examine the ability of the whiteflies to overwinter on shed leaves.
RESULTS
Arbutus andrachne
Life cycle studies
The phenology of A. andrachne varied during the two seasons of monitoring. We found a positive correlation between adult emergence and the budding and foliation, suggesting a tight synchronization (Fig. 1) . First nymphal instars were observed in the field from early May of 2003 on. The nymphs developed for six weeks till mid-June, when all had reached the early 4th instar in which they diapaused. Diapause break (judged by the appearance of wing buds on the whitefly nymphs), started in February and peaked in March (see below). Thus, T. lauri displays an annual cycle, 8-9 months of which are spent as dormant early 4th instar nymphs.
Effect of tree dormancy
The experiment with cut branches indicated a break in the diapause of whiteflies following branch cutting.
Duration from branch-cutting to the first detection of wing buds decreased along the season and with temperature, being shortest in the branches kept in the incubator and longest for those kept out of doors (Fig. 2) .
Rhamnus lycioides
Life cycle studies
Dialeurolobus rhamni was found only on R. lycioides, with a typical density of 1-2 nymphs/infested leaf. Most eggs were laid on the abaxial side of the leaves, with a few on the axial side. Dialeurolobus rhamni is bivoltine, with the two cycles uneven in duration and characteristics. Peak adult emergence of the first generation was during late February to March with adults emerging till early April. The deposited eggs took about two months to develop into 4th-instar nymphs and second generation adults emerged from late May to early July. The eggs of the second generation adults were laid mostly on previously uninfested spring leaves but occasionally on the same leaves as those on which the first generation had developed. The nymphs developed to fourth instar and overwintered on the leaves till their emergence the following February.
Plant-whitefly interactions
Leaf shedding consistency. The plants noted as EL types in the spring of 2008 lost most of their leaves also in the winter of [2008] [2009] . The leaf counts on the branchlets of the five tree pairs showed that both types (L and EL) bore at least some leaves till the spring. However, there were significant differences in the numbers of branchlets with or without leaves in the springtime: on the EL plants 476 vs. 1024 leaves and the on the L plants 995 vs. 505 (branchlets with vs. without leaves, respectively; Mann-Whitney U test n = 5, p < 0.01).
Preferential infestation. No significant differences were found between infestation levels of the L and EL plants (81 out of 3670 leaves and 39 out of 3150 leaves for EL and L leaves, respectively; χ 2 = 2.44, p = 0.114, df =1).
Whitefly influence upon leaf shed was tested on the L plants only, and was examined both on the leaves that remained on the plants and on those collected from the ground.
Of the 72 branches marked and counted on L plants in October 2008, 34 still bore at least one leaf in March 2009. Of the average of 11.20 leaves/branch in October there remained 4.14 leaves/branch on average in March, while the infestation rate rose significantly from 0.12 ± 0.05 to 0.22 ± 0.3 infested leaves per branch (mean ± SE respectively; paired t-test for dependent samples p = 0.04).
Altogether, 10,744 leaves were collected from the ground and were counted during six counts intermittently from October till March. Of these leaves, 119 were whitefly infested (average per count: 19.83, range 11-33), showing a significantly increasing proportion of living whitefly nymphs/count as the season progressed (p = 0.03) indicating a delay of leaf shedding time (Fig. 3A) . In comparison, the 8,415 leaves collected under the EL plants produced 77 infested leaves (average 12.83, range 6-25), with no tendency for an increase in the proportion of living nymphs as the season progressed.
Whitefly emergence from dropped leaves. The whitefly nymphs collected from the ground from October on included living individuals, whose proportion increased with the season (Fig. 3A) . Some of these gave rise to Fig. 1 . Relationships between the numbers of whitefly adults found on yellow traps in the field, and the budding and foliation of the A. andrachne trees. 160 days and may be divided into two periods: when the leaf was attached to the plant and the time it lay on the ground. The time when leaf shed occurred seemed independent of that total duration. The second period, from leaf shed to adult emergence, was stable from October to December, ranging of 78-115 days. However, leaf shed to adult emergence lasted only 53 days for leaves shed during December, and was significantly shorter-ranging from 15 to 20 days-for leaves shed during late January and March (Fig. 3C) (averages 95.7 vs. 17.9 days; t-test p < 0.0001 for the periods of October-December vs. January-March, respectively).
DISCUSSION
The principal obstacles to plant feeding by insects, as defined by Strong et al. (1984) , are desiccation, attachment, and nutrition. The whitefly nymphs overcame the first two through living very close to the leaf surface, benefitting from the higher humidity there, and by fastening themselves to the leaf and becoming immobile. Their nutritional needs, including the requirements for nitrogen, were satisfied through phloem feeding and endosymbiont activity. However, this mode of life poses a number of additional challenges to the insect. It must succeed in penetrating the leaf cuticle three times during its immature stages of development, with the new settlement at the end of each molt (Lei et al., 1996) . Moreover, whether dormant or active, since it is unable to move and change place, it is totally dependent upon the contents of the phloem fluids of the plant, the amount and composition of which in turn are greatly influenced by the plant's physiological condition. The plant, on the other hand, must adapt to the natural climatic and edaphic conditions. In the Mediterranean climate, typified by 3-4 rainy months with about 500 mm of rain annually and a warm, dry summer (Waisel, 1984) , plants must adapt to an 8-9-month dry period with daytime temperatures reaching 20-30 ºC, by limiting their active growth, development, and flowering seasons to the springtime. The two plant species that we have studied here, one an evergreen and the other deciduous, represent two different phenological and geographical types and, as shown here, also display different mutual relationships with the whiteflies that develop on them.
The evergreen A. andrachne is limited to the eastern Mediterranean (Feinbrun-Dothan, 1978) and takes advantage of the relatively warm winters. Its active development occurs from March to June, when its leaves mature, and they remain until the following May when they are replaced by new ones. The deciduous R. lycioides occurs in all Mediterranean countries (USDA/http). In addition to a spring activity period, it also has a more adult whiteflies that emerged from January on, with percentage emergence rising sharply from 5% (1 out of 19) from a leaf shed in October to 36% (4 out of 11) from leaves shed in January (Fig. 3B) . The total duration from the beginning of the leaf shed period in October until adult emergence, ranged from about 100 to over limited growth period in the late summer and fall. It sheds its leaves from October on, sprouting new ones in February. According to Waisel (1984) , this might suggest a more northern origin of this species, since deciduous trees and shrubs occurring in the Mediterranean zone probably originated in cooler climates, where broad-leaf plants must shed their leaves in order to survive the cold winters.
Trialeurodes lauri
The induction of diapause in plant-feeding insects is usually associated with photoperiod and/or temperature changes. Thus our findings of a host-plant-induced diapause add another parameter to those discussed by Tauber et al. (1986) . These findings also contribute another dimension to the intricate relationship that typifies the mutual dependence and manipulation of whiteflies and their host plants (Inbar and Gerling, 2008) .
We have shown that diapause in T. lauri is associated with leaf maturation in A. andrachne, and that the diapause terminates if the branch bearing the nymphs is severed from the tree. This indicates an adaptation of the whitefly to the plant's growth cycle, enabling it to develop upon the young and developing foliage and to avoid the hardened leaves present from June on. This adaptation is also found in the whitefly's parasitoid Encarsia scapeata Rivnay, which diapauses when parasitizing T. lauri but not when parasitizing the non-diapausing, multivoltine B. tabaci (Gerling et al., 2009 ).
Dialeurolobus rhamni
The life cycle
The phenology of R. lycioides includes a main activity period during the spring and a minor one during the later summer and early fall. The life cycle of D. rhamni is geared to take advantage of this condition: the spring generation develops to maturity without a prolonged diapause. It is noteworthy that the emerging adults are able to oviposit and develop a second generation on the same leaves on which their first generation have already developed. This is indicative of a different relationship with the plant than that established between A. andrachne and T. lauri, where no oviposition or development can occur once the leaves have matured. Such a relationship might be due to the characteristics of the R. lycioides leaves, including ongoing development in the late summer and fall, and/or to the ability of the whitefly to overcome the mature leaves' poor quality.
Overwintering and plant relationships
Emergence from apparently healthy 4th-instar whiteflies was much lower from shed leaves collected during October and November (1 out of 19 and 1 out of 12, respectively) than that of later collected material (4 out of 11 and 5 out of 16, on leaves collected in late January and March, respectively). Since the probability of survival increases the longer the leaf remains on the plant, retention of leaves on the plant during the winter is highly adaptive, contributing to the fitness of D. rhamni. The change in the span from leaf shed to adult emergence, from ca. 100 days for leaves shed between October and December to ca. 20 days for those shed from January on, indicates a physiological change in the whitefly. It is probable that the fourth instar whitefly nymph undergoes a diapause starting in the summer, possibly in August, and ending in late winter or spring.
Our observations indicate the presence of different R. lycioides populations. Some (= EL) shed most of their leaves relatively early, a trait not significantly affected by the presence of whitefly nymphs. A second group (= L) retain many of their leaves longer, a characteristic that is boosted by the presence of whitefly nymphs on the plant.
Shedding of infested leaves on these latter trees is significantly retarded, increasing the whiteflies' chances to survive and produce adult progeny.
The difference in leaf-shedding dynamics and its relation to whitefly survival could have arisen through a number of pathways. Whiteflies might sense plant characteristics and actively choose L plants for their progeny. Alternatively, they might land at random without distinguishing L from EL plants. Once on the plant, whitefly adults might then distinguish leaves that are destined to shed late and infest those preferentially, thus increasing the chances of their progeny to survive. Alternatively, they might choose leaves for oviposition using other criteria, but actively influence those on which they develop to delay shedding through their presence. Preferential landing, oviposition, and development which would bring about a significantly higher population of whiteflies on the L plants were ruled out by our counts, which showed absence of significant differences between populations on the two plant types. The other considerations, i.e., the possibility of active leaf selection by the ovipositing whitefly mother vs. the direct affect of the presence of whitefly nymphs on the leaf, could be calculated. We showed that adults ovipositing in the summer would probably not be able to distinguish between leaves that were to be shed in November and those with shedding scheduled for February and, therefore, we suggest that the whitefly nymphs directly influence the timing of leaf shed.
All the leaves that were brought in from the field were kept under the same laboratory conditions and thus avoided the variable weather fluctuations and cool winter climate. Therefore, we may consider the observed differences in time from leaf shed to adult whitefly emergence as a characteristic of the whitefly. Thus, material shed and collected in October or November and kept in the laboratory had to wait for whitefly emergence some 60-80 days longer than similar material collected in February. This apparent diapause of the whitefly nymphs differs from that occurring in T. lauri, inasmuch as the latter is apparently induced by the plant and is terminated once this connection is severed; whereas that of D. rhamni occurs both on leaves that are on the plant and those on the ground. However, differing from A. aceris (Baehrmann, 1979) or Asterobemisia carpini Koch (as A. avellanae Signoret) (Iacarino and Viggicani, 1983) , all of whose immature overwinter on fallen leaves, no special "overwintering form" of whitefly has developed.
This indicates that the major strategy by which the whitefly overwinters involves the exploitation of the partial retention by R. lycioides of leaves throughout the winter, and that winter conditions have not been harsh enough to induce special hardy overwintering forms of whiteflies.
The study has shown once again how whiteflies and their host plants are mutually interdependent. The two studied systems occur in the same region, but each of the two discussed plant species employs different strategies in order to overcome the climatic constraints resulting from a cool winter and dry summer. The whiteflies, which are totally dependent upon the leaf tissue for survival throughout the year, have adjusted to these plant-specific differences while exploiting, in both cases, the mild Mediterranean conditions. Thus, we encounter a univoltine cycle that includes a plantcontrolled diapause in T. lauri, and a bivoltine cycle, in which the diapause break appears to be independent of plant influence in D. rhamni.
